Most of car manufacturers and OEM are currently working on air intake improvement in order to reduce emissions and fulfill the always more demanding ecological regulations. Electric actuation is a relevant solution allowing the use of specific actuators able to actuate flap or valves in few milliseconds over their stroke. A first solution to adapt the air intake is the integration of an air pulse valve before the piston [1] . Another solution is the use of a fully variable intake system performed by the replacement of the camshaft with electrical actuation of the valves (camless engine) [2] . Thanks to our expertise in electro-magnetism, MMT has developed fast actuator designs dedicated to these applications and we will present them in this paper.
INTRODUCTION
Nowadays trend towards fuel economy and more stringent emission regulation has led to an increasing demand for cleaner or even downsized engines. In order to improve or at least maintain car performances, car manufacturers have to improve engine efficiency, for example with an adaptation of the air admission parameters to the engine rotation speed, especially in gasoline engines. In the first part of this paper we will study a new high speed rotary solenoid and its use for air pulse valve application. Then, in the second part, we will study a fast linear actuator and its use for variable valve actuation.
HIGH SPEED ROTARY SOLENOID FOR AIR PULSE VALVE

STRUCTURE
When high speed actuation is required, the use of massspring system becomes highly recommended. MMT has developed a new patented [3] structure using a symmetric circuit to balance force repartition and compact spring assembly. The use of symmetrically opposed springs in this solenoid structure balances the radial opposed forces generated by the springs, therefore guaranteeing improved robustness and reliability for bearings and the guiding system. PRINCIPLE Thus, MMT new rotary actuator is an oscillating massspring system that is made of an oscillating armature between two statoric parts supporting electric coils. It has a fundamental mode pulsation defined by:
With T the relaxation period, K spring stiffness, J mass moment of inertia (the sum of rotor, flap and dynamic spring inertia). The time needed to switch from a position to another is then defined as follows:
The stiffness of the springs is defined in relation with the targeted transition time. We then have to size the magnetic circuit in order to achieve the minimum power consumption while generating enough torque to hold the armature against springs.
Typical angular stroke between the two end positions is about 40° but smaller or higher stroke can be easily achieved.
SIZING OF THE ACTUATOR
The two key parameters are the spring stiffness K and the maximal induction allowed in the magnetic circuit B sat . The force to hold armature in closed position is directly proportional to B sat and K defines, with inertia J, the transition time. These two parameters are closely linked to the dimension of each part of the actuator (magnetic circuit and spring mechanism) that is why the sizing of such actuator is "tricky". We give hereafter, in figure 2, the general strategy to size this actuator: In the following, we study the magnetic behavior of the rotary actuator. Magnetism As depicted in figure 4 , the first latching position is achieved when first set of coils is energized and acts on armature against spring stiffness. This expression of the latching torque gives important information in the aim to size the circuit. We can then adjust the different parameters to achieve the targeted performances as a function of specifications. Since the rotary actuator is of solenoid type, the magnetic induction is high when armature is in latching position due to the small airgap. In this position, the magnetic circuit is at its optimum operating point (induction is close to the saturation level). When coils are de-energized, the induction drops and spring torque becomes higher than holding torque. As a result, the armature is released and moves towards the other end position (cf. figure 5 below). 
As a consequence, the generated torque over the complete stroke has the following shape (figure 6): Of course, since magnetic saturation occurs when armature is at closed position and in the aim to optimize magnetic structure, it is highly recommended to use finite element software to visualize saturated sections and calculate effective torque (cf. figure 7 below). 
Mechanics
The main difficulty is now in the spring sizing. Because stiffness has an impact on moving spring inertia, we must find the best compromise between inertia and stiffness. One of the most popular solutions is the use of spiral springs (cf. figure 8 below) because it leads to a very compact design and a simple integration. This design is recommended when needed transition time is not too low (> 5 ms). Thanks to analytical model and finite element software, it is possible to optimize the spring inertia and stiffness (cf. figure 9 below). 
+ Useful formula
When the transition time is low (< 5 ms) this solution is not suitable because, taking into account material mechanical stresses, the ratio between stiffness and inertia is not good. Actually, low transition time is achieved with high stiffness and quite low inertia which is not possible with such spring design.
When better performances are needed, it is better advised to use a different elastic system such as coil spring.
DYNAMIC BEHAVIOR: APPLICATION TO AIR IMPULSE CHARGING Presentation
MMT's rotary actuator is well suited for air impulse charging. The strategy is to quickly move (< 3 ms) a flap inside air intake. The advantages of the actuator are its ability to achieve fast displacement and its compactness. Hereafter (figure 10) is a picture of such actuator in a prototype shape made for an OEM. This prototype uses compression springs and was aimed to achieve a 2.5 ms travel time between both ends positions over 40° stroke. Since the rotary actuator is a mass-spring system with a stable position at mid-stroke, we first have to make the armature move to one end of the stroke. To achieve this, the current excitation must match the resonant frequency of the mechanical system. As a result (depicted in figure above), the armature has an increasing oscillation motion that leads to the capture of the armature on one end. Once the armature is captured, the current can be decreased to a smaller value that is enough to keep the armature "stuck" on one end.
From one end of the stroke to the other Once the armature is captured, the decrease of current allows the springs to move the armature in the other end of the stroke. The anticipated current increase in the other pair of coils allows the capture of the armature when it approaches the other end of the stroke (cf. figure above).
FAST LINEAR ACTUATOR FOR VARIABLE VALVE ACTUATION
STRUCTURE
Valve electromechanical actuation requires generally high energy to perform the displacement and most of the existing designs face issues in energy saving because they require too high electrical energy to correctly work. Thus, one of the most stringent requirements is the ability of the system to keep rest positions without any current consumption and with limited cost. This also allows cylinder deactivation which can be very useful in some specific driving modes (urban conditions for example). Usually, the actuators have two E-shaped stators [2] [5] and the stable position on the end-stroke can be achieved inserting permanent magnets on each stator. This leads to a high magnet mass per actuator. If we consider two (or more) actuators per cylinder, the required magnet mass can be very high and so the overall cost becomes unaffordable. The figure 13 below shows a typical structure of the prior art [5]. 
PRINCIPLE
The innovative MMT linear actuator can be divided in two distinct and independent structures among the symmetry plan. This is shown in figure 15 below. The two coils act each on one armature but magnets act on both armatures whatever the position. Actually, the upper coil acts on the upper armature and have negligible effect on the lower armature. The lower coil acts on the lower armature and have negligible effect on the upper armature.
Since the armatures are linked by the shaft, when the upper airgap decrease/increase (cf. airgap x in figure  15 ), the lower airgap increase/decrease (cf. airgap c-x on figure 15 ). Whatever the positions of armatures are, the magnets act on both ones that is the main particularity of the actuator and difference with concurrent designs.
The behavior of such actuator can be modelized using analytical calculation and FEM simulation tools. The typical results are shown in figure 16 below. Since the linear actuator is a spring-mass system such as the previous presented rotary actuator, the dynamic behavior is similar, in principle. The transition between both end positions is achieved with the help of springs that store energy in the rest positions.
The main difference lies in the rest positions since there is no need to energize coils to keep the armature in these positions. Moreover, since there is no need to feed coils to maintain rest positions in both ends, there is no need to initialize the position starting from the middle stroke (no need to make the armatures oscillate to reach one end position in the starting time). So, the latching force is due to magnets that generate a higher force than the springs. Here below in figure 17 is shown the evolution of forces over the full stroke for the actuator+spring. With the help of current that decreases the force of the magnet and can even cancel it (cf. figure 16), the springs are then able to take the armature off of the rest position and the transition occurs.
It is also possible to use a non symmetric design to provide preferred latching in the closed valve position.
APPLICATION TO VARIABLE VALVE ACTUATION Working prototype
This type of actuator is particularly well suited to variable valve actuation because it ensures rest position without electrical consumption and with limited magnet mass that leads to a very cheap solution. Here below in figure  18 is a picture of a prototype with 2x25 N/mm spring stiffness and 85 g overall moving mass (25g valve mass). Usually, the useful transition time is given on the [5% -95%] of the total stroke. This actuator was made to achieve a 3.5 ms transition time over a 9 mm stroke. This prototype uses only 4.5 g for magnet mass and allows a latching force of about 230N in both end positions.
Of course, there is a strong relation between load to act against and magnet mass. The higher the load is, the higher the magnet mass.
Driving strategy
The fast linear actuator is an economical solution not only because it is only made of two magnets that act on both ends of the stroke but also because it is possible to consider 4 different ways to connect coils as a function of performances and costs required:
The single phase unipolar mode is the cheapest solution. It consists on connecting the two coils in serial or parallel connection with only one direction for current feeding. It requires only half-bridge power supply with two transistors. The controls possibilities are limited and power consumption is not optimized. The single phase bi-polar mode is an evolution. It still consists on connecting the two coils in serial or parallel connection but current direction can be reversed. It needs a full H-bridge power supply with four transistors. The controls possibilities are better but power consumption is still not optimized. The dual phase unipolar mode is another evolution. The two coils are independently current controlled. It requires two half bridge power supplies with a total of four transistors. The controls possibilities are good and power consumption is reduced but a third wire is needed. The dual phase bi-polar mode is the ultimate solution. The two coils are feeding with bi-directional current. It requires two full H-bridges with a total of eight transistors. The controls possibilities and power consumption are then optimum. As a function of customer is specifications, it is so possible to consider a specific electrical power supply.
CONCLUSION
MMT has developed two new actuators dedicated to fast displacement. These designs are especially suitable to improve air intake management. The first actuator is a rotary solenoid type with a specific high holding torque in a very compact design with the help of dedicated spring system. The second actuator is a linear polarized solenoid which is low cost, using magnet potential on both ends of the stroke and being very flexible on electrical strategy. These two designs are able to achieve transition from one stable position to the other in time below 5 ms for quite large stroke. The prototypes made for automotive suppliers shows that they are of interest and represent relevant solutions to improve air intake.
